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doi:10.1016/j.ejvs.2011.01.006Abstract Objectives: Alterations of wall shear stress (WSS) are considered to precede
atherosclerosis. Local variations of WSS might contribute to the typical distribution of athero-
sclerotic lesions along the superficial femoral artery (SFA). We investigated the course of WSS
and its response to postural changes and exercise along the SFA of healthy adults.
Methods: In forty-six healthy subjects, we determined flow velocities and internal vessel diam-
eters in five predefined segments of the SFA using duplex ultrasound; measurements were done
at rest, following exercise (30 toe raises) and after postural changes (supine and sitting). Peak
and mean WSS were calculated from peak systolic and mean velocities, vessel diameter and
whole blood viscosity.
Results: At rest, peak and mean WSS did not vary along the femoro-popliteal axis (p > 0.05);
peak and mean WSS were lower in the sitting than in the supine position (p < 0.0001). After
exercise, peak and mean WSS increased in all segments (p < 0.0001), showing the lowest
increase in the distal Hunter’s canal.
Conclusion: Healthy adults do not exhibit local variations of WSS in the SFA at rest, but
segmental differences in WSS occur after exercise. Whether these findings are related to
the typical distribution of atherosclerotic lesions later in life requires further investigation.
ª 2011 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Wall shear stress (WSS), the force that flowing blood exerts
on the vessel wall, has emerged as a local risk factor being
involved in atherogenesis and arterial remodeling.1 WSS is
determined by flow velocity and whole blood viscosity and0 400 4670; fax: þ431 40 400 46
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822 O. Schlager et al.have found that peak WSS (pWSS) and mean WSS (mWSS)
vary depending on location and exercise workload.3e6
Alterations of WSS affect endothelial function and
structure via transduction of a mechanical signal into
a biochemical signal.7 Endothelial dysfunction is considered
to precede structural changes of the arterial vessel wall
and to be an early precursor of atherosclerosis. Hence,
besides the well-known systemic risk factors of athero-
sclerosis, changes of laminar blood flow and blood viscosity
seem to play an important role in atherogenesis.8e10 A
decrease in pWSS and mWSS has been found in the common
carotid artery both in patients with symptomatic peripheral
artery disease (PAD) and in those with abdominal aortic
aneurysm.8 Even in the absence of traditional systemic
cardiovascular risk factors, low WSS may be involved in the
systemic atherosclerotic process.11 Furthermore, low WSS
is a local risk factor for atherogenesis, as shear stress is low
at sites of atherosclerotic plaques and wall thickenings.10
The majority of atherosclerotic lesions in the lower
limbs affect the superficial femoral artery (SFA) comprising
the femoro-popliteal segment (Hunter’s canal) as loco
typico for the emergence of plaques. As the SFA is the
longest non-ramified artery of the human body, its tortu-
osity and curvature as well as its exposure to traction and
bending forces might cause substantial differences in the
flow pattern along this vessel. Changes in WSS may be early
precursors of atherosclerosis and may possibly precede this
process by decades.
Therefore, in this study, we aimed to investigate the
profile of pWSS and mWSS along the femoro-popliteal axis
in healthy adults at rest, following postural changes and
after exercise in order to identify segmental variations of
WSS that might contribute to the typical distribution of
atherosclerotic lesions later in life.
Patients and Methods
The present study was performed according to the recom-
mendations of the Declaration of Helsinki and the protocol
was approved by the local review board and institutional
ethics committee. All participants provided written
informed consent before inclusion.
Patients
Healthy volunteers (26 women, 20 men; mean age:
25.4  3.4 years) without any history of cardiovascular
disease or any other severe medical disorder participated in
this study. None of them took any medication, and clinical
examination was normal. Their age, sex, body mass index
(BMI) and smoking status were recorded. Blood pressure
measurements were routinely obtained on both arms in
each subject. Demographic and laboratory data by sex are
shown in Table 1.
Duplex ultrasound
Duplex examinations were performed after an acclimatisa-
tion period of 15 min in supine position in a quiet room with
a room temperature constantly maintained at 22e24 C. All
ultrasound investigations were performed by the sameexperienced operator on Acuson machines (Acuson XP 128
(Siemens, Erlangen, Germany) or Acuson Sequoia 512
(Siemens)) using a 7.5-MHz linear transducer probe.
Initially, the participant’s SFA and popliteal artery were
scanned carefully to exclude any pathological finding in this
vessel. Thereafter, measurements of the internal diameter,
the peak systolic velocity (PSV) and the mean velocity for
calculation of pWSS and mWSS were obtained in five
different segments of the femoro-popliteal axis (Fig.1):
proximal SFA (distance from the femoral bifurcation  SD;
9.08 2.3 cm), at the proximal, middle and distal part of the
Hunter’s canal (16.04  2.86 cm; 20.55  3.29 and
25.05  3.80 cm from the femoral bifurcation, respectively)
and in the P1 segment of the popliteal artery (38.2 1.92 cm
from the femoral bifurcation).
The internal diameter, defined as the distance between
the near-wall intimaelumen interface and the far-wall
lumeneintima interface, was measured from frozen,
longitudinal enlarged images of the respective vessel
segment showing the lumeneintima interface most clearly.
Aiming at synchronized determination of vessel diameter
and PSV frozen enlarged images were acquired from the
‘live mode’ during spectral Doppler. Then the ‘cine mode’
allows determining vessel diameter in a PSV-triggered
fashion. In each arterial segment, vessel diameter was
measured twice in two orthogonal planes, and the mean of
these two measurements was calculated.
PSV and mean velocity were determined using the
smallest possible sample volume placed in the center of the
vessel and by keeping the angle between the ultrasound
beam and the longitudinal vessel axis between 45 and 59.
First, all measurements were done at rest in a supine
position (all five segments) and in an upright sitting position
(only three segments: proximal, middle and distal Hunter’s
canal) to record effects of bending of the vessel over the
two-flexion points (hip and knee).
Then, measurements were repeated in a supine position
after the subject had performed 30 toe raises (standing
flat-footed and raising the heels off the ground repeatedly).
Following a resting period of 10 min, another 30 toe raises
were performed, and measurements were repeated in an
upright sitting position.
Laboratory tests
Blood was drawn from the antecubital vein for determina-
tion of hemoglobin, white blood cell count, platelet count
and calculation of hematocrit using a semi-automated
Sysmex K-1000 hematology analyzer (Toa Medical Elec-
tronics, Kobe, Japan). Whole blood viscosity was measured
in ethylene-diamine-tetra-acetic acid (EDTA) blood using
a rotational viscometer (Contraves LS 30, Contraves,
Switzerland) at high shear rate (94.5 se1) at 37 C.
Calculation of WSS
pWSS (dyn cme2) was calculated using the formula 4 blood
viscosity (Poise)  PSV (cm se1)/internal diameter
(cm).12,13 mWSS (dyn cme2) values were calculated using
the duplex-sonographically recorded mean blood velocity
replacing the PSV in the formula described above.
Table 1 Demographic and laboratory data of 46 healthy adults by sex.
Male Female p-value
N 20 26
Age 24.4 (21.7e28.1) 24.4 (23.3e26.7) 0.93
Height [m] 1.83 (1.79e1.86) 1.68 (1.62e1.72) <0.0001
Weight [kg] 77 (71e80.5) 58.5 (54.0e67.0) <0.0001
BMI [kg/m2] 20.7 (19.8e21.9) 23.5 (22.3e24.0) 0.0009
Systolic BP (left arm) [mmHg] 125 (120e132.5) 120 (110e120) 0.0006
Diastolic BP (left arm) [mmHg] 80 (80e87.5) 70 (70e80) 0.0146
Systolic BP (right arm) [mmHg] 125 (120e132.5) 120 (110e120) <0.0001
Diastolic BP (right arm) [mmHg] 80 (80e90) 70 (70e80) 0.0053
Whole blood viscosity [mPa s] 5.00 (4.70e5.25) 4.35 (4.2e4.5) <0.0001
Erythrocytes [x103/ml] 4.98 (4.71e5.06) 4.36 (4.15e4.56) 0.0001
Hemoglobin [g/dl] 15.15 (14.50e15.70) 13.45 (12.80e13.70) <0.0001
Hematocrit [%] 42.40 (41.70e44.50) 38.60 (36.90e39.30) <0.0001
Platelets [x103/ml] 253.5 (233.0e274.0) 263.0 (231.0e293.0) 0.756
Leukocytes [x103/ml] 6.5 (5.4e7.1) 6.3 (5.2e6.9) 0.886
Data are medians and interquartile ranges.
BMI, body mass index; BP, blood pressure; mPa.s, mPa s.
Figure 1 Sites of measurement of wall shear stress (WSS,
peak and mean) in the superficial femoral and the popliteal
artery.
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formed 10 repetitive measurements of the WSS in the SFA
(Hunter’s canal) on 3 consecutive days and thereby found
an intrasubject variability of 6%, which is in line with
previous investigations.4
Statistical analysis
For data management and analyses, the statistical software
package Stat View 5.0 was used. Continuous variables are
reported as medians and interquartile ranges. Intergroup
comparisons were done using the KruskaleWallis test or the
ManneWhitney U test. The Wilcoxon signed-rank test was
used for paired comparisons. Simple linear regression
analysis was applied to investigate the relationship
between WSS and demographic and laboratory variables
(for this analysis, pWSS values at rest, supine, were taken).
Repeated-measures multivariate analysis of variance
(MANOVA) was performed to test for effects of location,
sex, posture and exercise. Significance was defined as
p < 0.05.
Results
Height, weight, BMI, whole blood viscosity, hematocrit,
hemoglobin and red blood cell count were higher in men
than in women (all p < 0.0001; Table 1). Further, we found
that systolic as well as diastolic blood pressure was higher
in men than in women (Table 1).
Peak WSS (pWSS)
Supine
pWSS values at rest and after exercise are presented in
Fig. 2a and b.
At rest, pWSS was similar along the femoro-popliteal axis
(p Z 0.24) (Fig. 2a). After exercise, pWSS increased in all
segments, with the lowest percentage increase in the
Hunter’s canal and the highest increase in the poplitealsegment (p < 0.0001; Fig. 2b; WSS, dyn cme2: proximal SFA:
30.8 (26e36) vs. 46.6 (37e56), p < 0.0001; proximal
Hunter’s canal: 32.9 (29e38) vs. 45.1 (40e52), p < 0.0001;
mid-Hunter’s canal: 31.7 (29e39) vs. 47.3 (39e53),
p < 0.0001; distal Hunter’s canal: 32.2 (26e39) vs. 42.8
Figure 2 Peak wall shear stress (WSS) along the femoro-
popliteal axis in healthy adults at rest (a) and after exercise
(b); all measurements were done in a supine position (boxes
show the 10th, 25th, 50th (median), 75th and 90th percentiles;
outliers show all observations >90th and <10th percentile).
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(44e63), p < 0.0001; percentage increases vs. baseline
were 51%, 37%, 49%, 32% and 69%, respectively).
We found that pWSS was higher in females than in males
in the proximal Hunter’s canal at rest (35.3 (30e41) vs. 30.6
(28e35) dyn cm2, pZ 0.02), and in the popliteal segment
after exercise (59.6 (49e67) vs. 47.6 (41e56) dyn cm2,
p Z 0.0049). No sex-related differences were found in the
other segments at rest or after exercise.
Sitting
At rest, pWSS was lower in the sitting than in the supine
position (dyn cme2; proximal/middle/distal Hunter’s canal:
25.5 (22e31) vs. 32.9 (29e38), p < 0.0001; 23.1 (19e27) vs.
31.7 (29e39) p < 0.0001; 21.5 (17e28) vs. 32.2 (26e39),
p < 0.0001). After exercise, an increase in pWSS was
recorded in all segments: (proximal/middle/distal Hunter’s
canal: to 46.2 (36e57) dyn cm2, p < 0.0001, increase by
84%; to 36.3 (28e44), p < 0.0001, by 57%; to 29.7 (27e40),
p < 0.0001; by 41%).We found that pWSS at rest was higher in women than in
men in the distal Hunter’s canal (Fig. 3a: 24.3 (20e29) vs.
18.6 (16e23) dyn cm2, p Z 0.01). After exercise, pWSS
was higher in females than in males in all three segments
(Fig. 3b: 50.2 (41e63) vs. 38.0 (33e46), p Z 0.0013; 37.6
(31e54) vs. 34.3 (26e43), p Z 0.06; 31.9 (29e40) vs. 28.0
(23e36), p Z 0.04).
Mean WSS
Values for mWSS at rest and after exercise (supine and
sitting) are shown in Table 2.
Similar to pWSS,mWSS values at rest did not vary along the
femoro-popliteal axis (p> 0.05); mWSS values were lower in
the sitting position than in the supine position and increased
after exercise in all segments (supine and sitting) (Table 2).
No differences in mWSS values could be detected
between men and women, neither at rest nor after exercise
(all p > 0.05).
pWSS, BMI, age, blood pressure and smoking
pWSS was inversely related to BMI in the distal Hunter’s
canal (r Z 0.3, p Z 0.04), and in the popliteal artery
(r Z 0.29, p Z 0.04). No association could be detected
between pWSS and age, systolic or diastolic blood pressure
and smoking (all p > 0.05), nor between PSV and whole
blood viscosity (all p > 0.05).
Morphologic and hemodynamic variables
At rest, the internal diameter was similar in the supine and
in the sitting position. The internal diameter increased
after exercise in all segments (supine and sitting), except
distal Hunter’s canal (Table 3).
The internal diameter was higher in males than in
females at rest and after exercise (supine and sitting) in all
segments (all p < 0.001).
PSV was lower in the sitting than in the supine position
(Table 4).
PSV increasedafter exercise (supineand sitting) (Table4).
PSV was higher in females than in males in the popliteal
artery after exercise (1.72 (1.46e1.87) vs. 1.41
(1.18e1.70) dyn cm2, pZ 0.01), but no differences could
be found between men and women in the other segments,
neither at rest nor after exercise (all p > 0.05).
Discussion
In this study, we aimed to investigate the profile of pWSS
and mWSS along the femoro-popliteal axis in healthy adults
under different conditions. We found that, at rest, pWSS
and mWSS did not vary along the femoro-popliteal axis,
neither in the supine nor in the sitting position, but that
pWSS and mWSS were lower in the sitting than in the supine
position. After exercise, pWSS and mWSS significantly
increased in all segments, but to a different extent: the
lowest relative increase could be observed in the Hunter’s
canal and the highest in the popliteal artery.
WSS has emerged as a risk factor of atherosclerosis. In
several vascular territories, substantial differences of pWSS
Figure 3 Peak wall shear stress (WSS) in the Hunter’s canal
in healthy adults by sex at rest (a) and after exercise (b); all
measurements were done in a sitting position (boxes show the
10th, 25th, 50th (median), 75th and 90th percentiles; outliers
show all observations >90th and <10th percentile).
Table 2 Mean wall shear stress (mWSS) in the superficial femo
mWSS (dynes/cm2)
At rest
Supine
Proximal SFA 17.9 (14e22)
Proximal Hunter’s canal 21.5 (17e26)
Middle Hunter’s canal 21.0 (16e29)
Distal Hunter’s canal 21.1 (14e27)
Popliteal artery 22.1 (15e26)
Sitting
Proximal Hunter’s canal 15.3 (10e21)b
Middle Hunter’s canal 15.4 (10e19)b
Distal Hunter’s canal 14.6 (11e18)b
Data are given as medians (interquartile ranges).
After exercise: measurements were done after 30 toe raises.
SFA, superficial femoral artery.
a p < 0.01.
b p < 0.0001 vs. supine.
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been linked to the development of endothelial dysfunction
and incipient atherosclerosis. Segmental variations of both,
pWSS and mWSS, have an impact on the probability for
developing atherosclerotic plaques in distinct arterial
segments.11,14 In our study, we investigated pWSS and
mWSS in defined segments of the femoro-popliteal axis in
order to identify local variations in WSS that might be
related to the later development of atherosclerosis. In the
SFA as a muscular artery, mWSS was substantially lower
than pWSS because of the high peripheral resistance.
Although it is known that mWSS is not constant along the
arterial tree, we also wanted to find out whether pWSS and
mWSS would change simultaneously in response to exercise
and postural change.
Concerning PAD, the SFA is clearly the most affected
artery, and the Hunter’s canal seems to be a predefined
area for the emergence of plaques.15 In order to assess WSS
along the femoro-popliteal axis as close as possible to real-
life situations, we performed our measurements under
three additional conditions: (a) we measured WSS in the
sitting position when the knee and hip joints are flexed so
that the SFA is bended and stretched; (b) aiming to imitate
exercise without the influence of bending and stretching we
measured WSS in the supine position following 30 toe rai-
ses; and (c) following a resting period and another 30 toe
raises, WSS was measured in a sitting position. In the sitting
position, lower pWSS and mWSS values were observed as
compared with the supine position at rest: this was due to
a decrease in PSV and mean velocity along the straight
segment of the artery between the two-flexion points,
groin and knee.
Exercise, both in the supine and in the sitting position,
was followed by an increase in pWSS and mWSS in all
segments. Regarding segmental variations ofWSS in response
to exercise,we found the highest increase of pWSS andmWSS
in the popliteal artery and the lowest in the Hunter’s canal.
Previously, WSS in the common carotid artery was found to
be inversely related to intima-media thickness, age, systolic
blood pressure and BMI in healthy male subjects, pointing atral and popliteal artery of healthy subjects (N Z 46).
After exercise p-value
25.3 (19e34) <0.0001
27.5 (22e33) 0.0002
29.0 (21e36) 0.0003
25.7 (20e36) <0.0001
31.7 (20e39) <0.0001
26.5 (21e33) <0.0001
21.2 (17e28)a <0.0001
18.9 (14e25)b <0.0001
Table 3 Internal diameter of the superficial femoral and popliteal artery of healthy subjects (N Z 46).
Internal diameter (cm)
At rest After exercise p-value
Supine
Proximal SFA 0.54 (0.48e0.59) 0.56 (0.51e0.61) 0.01
Proximal Hunter’s canal 0.52 (0.46e0.56) 0.55 (0.49e0.60) <0.0001
Middle Hunter’s canal 0.51 (0.46e0.58) 0.53 (0.49e0.59) 0.0004
Distal Hunter’s canal 0.50 (0.46e0.56) 0.55 (0.50e0.61) <0.0001
Popliteal artery 0.53 (0.49e0.57) 0.54 (0.48e0.59) 0.30
Sitting
Proximal Hunter’s canal 0.50 (0.45e0.57) 0.54 (0.49e0.59) <0.0001
Middle Hunter’s canal 0.51 (0.47e0.59) 0.55 (0.49e0.60) 0.04
Distal Hunter’s canal 0.54 (0.47e0.59) 0.54 (0.50e0.59) 0.34
Data are given as medians (interquartile ranges).
After exercise: measurements were done after 30 toe raises.
SFA, superficial femoral artery.
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rosis.13 Based upon our findings we hypothesize that exer-
cise-dependent variations of WSSmay have an impact on the
development of atherosclerosis at certain predilection sites
later in life: the Hunter’s canal is the loco typico for the
development of atherosclerotic plaques, whereas the
popliteal artery is less frequently affected.
Interestingly, in the supine position pWSS in females was
higher than in males only in the proximal Hunter’s canal at
rest and only in the popliteal segment after exercise.
However, in the sitting position, WSS after exercise was
higher in females as compared with men in all segments of
the Hunter’s canal. This can be explained by the fact that
whole blood viscosity is lower in women compared with
men, owing to lower hematocrit and hemoglobin levels in
females. As female vessel diameters were smaller, the
resulting WSS values were similar in men and women in
most of the investigated segments. However, after exer-
cise, the increase was more pronounced in males than in
females. Whether this finding reflects possible sex-related
differences in the occurrence of PAD will deserve furtherTable 4 Peak systolic velocity (PSV) in the superficial femoral
PSV (m/s)
At rest
Supine
Proximal SFA 0.88 (0.76e0.97)
Proximal Hunter’s canal 0.90 (0.82e1.05)
Middle Hunter’s canal 0.94 (0.86e1.05)
Distal Hunter’s canal 0.91 (0.76e1.07)
Popliteal artery 0.89 (0.74e1.03)
Sitting
Proximal Hunter’s canal 0.70 (0.63e0.82)a
Middle Hunter’s canal 0.67 (0.59e0.74)a
Distal Hunter’s canal 0.65 (0.55e0.73)a
Data are given as medians (interquartile ranges).
After exercise: measurements were done after 30 toe raises.
SFA, superficial femoral artery.
a p < 0.0001 vs. supine.investigations. Concerning mWSS, no differences at all
could be found between males and females.
Magnetic resonance imaging (MRI) has also been used to
determine arterial WSS.16,17 There are several consider-
ations, which led us to choose duplex ultrasound for the
present study: first, MRI was not applicable in our experi-
mental setting which we wanted to be as close as possible
to a ‘real-life scenario’. Second, duplex ultrasound
combined with measuring whole blood viscosity is cheaper
and allows determining WSS within a much shorter period of
time compared to MRI.16
Our results are limited by the fact that we selected
a rather small number of healthy subjects belonging to one
age cohort. We chose young adults without known cardio-
vascular risk factors and disorders and without chronic
intake of any medication, as we wanted to assess WSS in
subjects without manifest atherosclerotic impairment of
the investigated arteries. Our findings will have to be
reproduced in older age groups.
Taking together, we found that, in healthy adults, pWSS
and mWSS did not vary along the femoro-popliteal axis atand popliteal artery of healthy subjects (N Z 46).
After exercise p-value
1.38 (1.24e1.66) <0.0001
1.37 (1.19e1.55) <0.0001
1.40 (1.21e1.51) <0.0001
1.36 (1.17e1.49) <0.0001
1.65 (1.31e1.83) <0.0001
1.34 (1.10e1.59) <0.0001
1.06 (0.89e1.31)a <0.0001
0.95 (0.79e1.12)a <0.0001
Wall Shear Stress in the Superficial Femoral Artery 827rest. Exercise induced an increase in pWSS and mWSS in all
segments, which was lowest in the Hunter’s canal and
highest in the popliteal artery. The impact of these findings
in relation to the development of atherosclerosis in the SFA
and the popliteal artery remains to be established. Our
data underline the need for further studies investigating
larger groups of patients of several age cohorts in order to
elucidate the role of pWSS and mWSS for the onset of
atherosclerosis at particular sites of the vascular tree.
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